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Strongly correlated topological surface states are promising platforms for next-generation quan-
tum applications, but they remain elusive in real materials. The correlated Kondo insulator SmB6
is one of the most promising candidates, with theoretically predicted heavy Dirac surface states
supported by transport and scanning tunneling microscopy (STM) experiments. However, a puz-
zling discrepancy appears between STM and angle-resolved photoemission (ARPES) experiments
on SmB6. Although ARPES detects spin-textured surface states, their velocity is an order of mag-
nitude higher than expected, while the Dirac point – the hallmark of any topological system – can
only be inferred deep within the bulk valence band. A significant challenge is that SmB6 lacks a
natural cleavage plane, resulting in ordered surface domains limited to 10s of nanometers. Here
we use STM to show that surface band bending can shift energy features by 10s of meV between
domains. Starting from our STM spectra, we simulate the full spectral function as an average over
multiple domains with different surface potentials. Our simulation shows excellent agreement with
ARPES data, and thus resolves the apparent discrepancy between large-area measurements that
average over multiple band-shifted domains and atomically-resolved measurements within a single
domain.
INTRODUCTION
The emergent electronic properties of Kondo insulators
are caused by the interaction of itinerant conduction elec-
trons with a magnetic Kondo lattice formed by localized
f electrons. [1, 2]. At high temperatures the conduction
electrons scatter only weakly at the localized moments
but below the Kondo temperature TK the scattering is
strong enough that the conduction electrons hybridize
with the f -band, opening a gap at EF. The resistivity
upturn in electrical transport experiments on the canon-
ical Kondo insulator SmB6 demonstrates the formation
of such a hybridization gap below ∼ 50 K [3]. However,
saturation of the resistivity below 5 K indicates the emer-
gence of an additional conduction channel. Several the-
oretical studies using complementary approaches based
on renormalized band theory and tight binding Hamilto-
nians matched to LDA (+Gutzwiller) calculations[4–6],
have predicted the strong topological insulating nature
of SmB6 and the existence of 3 Dirac cones with heavy
quasiparticles on the surface of SmB6, as shown in Fig. 1.
Such low velocity Dirac fermions in SmB6 produce a high
density of states at the Fermi level, increasing their sus-
ceptibility to exotic orders and their potential utility for
novel technologies.
There has been significant progress in experimentally
verifying these exciting predictions. The hybridization
gap of the Sm 4f and 5d band has been observed at low
temperatures by scanning tunneling microscopy (STM)
[7–11] and also suggested by angle-resolved photoemis-
TABLE I. Comparison of SmB6 surface state properties pre-
dicted by theory and measured by photoemission and STM.
We tabulate values for the Fermi velocity v, Dirac point en-
ergy ED, and surface Fermi wavevector kF at both the X and
Γ points of the surface Brillouin zone.
Theory [6] Photoemission [19] STM [20]
vX¯ (meV·A˚) 16± 2 240± 20 7.6± 0.3
EDX¯ (meV) 1± 1 −65± 4 −5.4± 0.1
2(kFX¯ − X¯)( pia0 ) 0.25± 0.02 0.38± 0.03 0.54± 0.02
vΓ (meV·A˚) 50± 2 220± 20 90± 9
ED
Γ
(meV) −7± 1 −23± 3 −9± 2
2kF
Γ
( pi
a0
) 0.18± 0.02 0.12± 0.03 0.07± 0.01
sion spectroscopy (ARPES) [12–15]. Further, ARPES
experiments have shown spin-textured surface states in
the hybridization gap [16, 17]. Unfortunately, the hall-
mark of a correlated topological state – its Dirac point –
has not yet been clearly resolved by ARPES [14], and the
surface states reported by ARPES to date are an order of
magnitude higher than theoretical predictions, as shown
in Table I. This has led to the suggestion that the Dirac
point could be pushed down into the valence band by a
sufficiently strong band-bending potential [18].
SmB6 lacks a natural cleavage plane, which leads to
surface domain sizes on the order of tens of nanometers
as measured by STM [7–11]. On the other hand, the
typical photoemission spot size is on the order of tens of
microns [21]. Since ARPES measurements report strong
spatial variations of the low energy photoemission signal
ar
X
iv
:1
81
0.
13
44
2v
1 
 [c
on
d-
ma
t.s
tr-
el]
  3
1 O
ct 
20
18
2on macroscopic length scales [12, 22], it is clear that they
necessarily average over various domains on the SmB6
surface. If there is significant polarity-driven band bend-
ing that differs between the various domains, ARPES
spectra will contain a superposition of spectral features
that are shifted in energy with respect to each other.
Here we use STM spectroscopy to guide a simulation of
the energy and momentum broadened spectral functions
for the Sm-terminated surfaces with the polar 1× 1 and
non-polar 2× 1 reconstruction. We demonstrate that for
a range of realistic experimental parameters the in-gap
topological surface states will appear in ARPES experi-
ments with artificially enhanced Fermi velocity. Further-
more, our findings provide an explanation for the discrep-
ancy between the electronic band structure measured by
ARPES and theoretical predictions.
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FIG. 1. Schematic representation of the SmB6 band structure,
showing 2 weakly dispersing f -bands and a strongly dispers-
ing d-band, in addition to the Dirac cone of the topological
surface state (TSS). Inset of (a): Bulk and surface Brillouin
zone (BZ) of SmB6.
METHODS
STM experiments were performed on single crystals of
SmB6 grown using the Al-flux method [23]. The crystals
were cleaved in cryogenic ultra high vacuum at ∼ 30 K
and then inserted into the STM head. STM tips are
prepared by in situ field emission on Au foil.
Our calculations were performed in the framework of
density functional theory (DFT), as implemented in the
Quantum ESPRESSO package [24]. The generalized gra-
dient approximation of Perdew-Burke-Ernzerhof (GGA-
PBE) [25] was adopted for the exchange-correlation func-
tional. The electron-ion interactions are described using
ultrasoft pseudopotentials with valence electron configu-
rations of 2s22p1 for B atoms and 5s24d105p66s24f6 for
Sm atoms. The energy cutoff for the plane wave basis is
120 Ry with a charge density cutoff of 500 Ry. We have
used a Monkhorst-Pack [26] scheme with a 12× 12× 1 k-
mesh for the Brillouin zone integration for the supercell
with one unit cell (1 × 1 Sm) and 6 × 12 × 1 for the su-
percell with two unit cells (2× 1 Sm). In all calculations
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FIG. 2. STM topography of the 1 × 1 (a) and 2 × 1 (b)
reconstructed Sm terminated SmB6 surfaces. Setpoints are:
(a) Vs = 200 mV, RJ = 10GΩ and (b) Vs = 100 mV, RJ =
5GΩ. (c) STM image of an Fe dopant located in the bright
band of a 2× 1 domain.
FIG. 3. Top-view (upper) and side-view (lower) of different
surface reconstructions and their corresponding surface for-
mation energy.
the lattice parameter was kept fixed at the experimental
value a = 4.13 A˚, with a slab thickness of 25.0 A˚ and
15 A˚ of vacuum space to minimize interactions between
the periodic images. Neither spin polarization nor spin-
orbit coupling were considered since our focus is on the
electrostatics of the material.
RESULTS
Surface characterization
Because SmB6 does not have a natural cleavage plane,
different surface terminations are observed. High resolu-
tion 10×10 nm STM topographies presented in Fig. 2(a)-
(b) show the morphology of two different ordered do-
mains which are common throughout the crystal surface.
Fig. 2(a) shows the most prevalent ordered domain struc-
ture, a 2× 1 reconstructed Sm surface where half of the
Sm atoms have been removed during the cleave, with the
remaining Sm atoms arranging themselves in a striped
pattern. This is consistent with observations of 2× 1 re-
constructions in LEED [27] and band folding in ARPES
[13, 22]. In lightly Fe-doped SmB6 samples, where Fe
atoms replace Sm atoms, the defects are always located
on the bright stripes as shown in Fig. 2(c), which further
3FIG. 4. Distribution of projected atomic charges per Sm atom
(Lo¨wdin charges calculated from DFT) illustrating the elec-
tron transfer from Sm to B6 layers for the 2×1 (left panel) and
1×1 (right panel) surfaces. Arrow thickness indicates amount
of electrons transferred from each Sm atom into surrounding
B6 clusters. The central panel plots the relative charge trans-
fer. Fewer electrons are drawn from each Sm atom on the
1× 1 surface as compared to the 2× 1 surface.
confirms that this is indeed the Sm-terminated surface
[20]. Another domain structure is the 1×1 square lattice
shown in Fig. 2(b) which we identify as a full Sm layer,
similar to previous reports on LaB6 [7, 28].
DFT calculations of the surface formation energy are
shown in Fig. 3. The significantly lower formation energy
for the 2×1 Sm surface compared to the 1×1 Sm surface
matches with the observed preponderance of the former
structure. Since terminations with B5 clusters tend to
form disordered regions[11], the lower formation energies
for some B terminations are likely responsible for many
of the disordered domains that are observed.
Termination-dependent band bending
To better understand the differences in the electronic
environment between the 2×1 and 1×1 Sm terminations,
we calculated the relative charge transfer from Sm to B6
layers using Lo¨wdin population analysis to partition the
charge[29, 30], with results shown in Fig. 4. For both
terminations, the Sm atoms in the surface layers have
fewer neighboring B atoms to accept electrons, so will
have a slightly lower charged state than their bulk coun-
terparts. This corresponds to increased electron density
near the surface and leads to greater filling of the sur-
face Sm orbitals and thus a slight downward bending of
the surface bands. This effect is less pronounced in the
2× 1 reconstruction due to the absence of half of the Sm
atoms on the surface. Thus we expect a downward shift
in the DOS of the 1× 1 termination relative to the 2× 1
termination.
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FIG. 5. (a) Measured dI/dV on two different surfaces of
SmB6. (b) Starting with the electronic structure inferred by
STM on the non-polar 2×1 surface (red), we simulate the 1×1
polar termination by rigidly shifting the occupied states down
by ∼ 20 meV (blue). The average of the simulated spectral
function from the 2 × 1 and 1 × 1 surface imitates the sce-
nario of a spatially integrating measurement. The averaged
spectrum has been convoluted with a Gaussian-shape func-
tion in order to account for finite temperature, energy and
momentum resolution. Realistic experimental parameters as
reported in Refs. [19] and [22] have been used to simulate
the spectra along M−X−M and X− Γ−X direction. De-
spite the low-velocity Dirac fermions we started with, both
simulations show high-velocity states at the Fermi level that
reproduce the ARPES experimental data presented in Refs.
[19] and [22]. (c) Two different ARPES intensity maps shown
for direct comparison with our mixed-termination simulations
in panel (b). Reprinted from [19] and [22].
Figure 5(a) shows the measured differential conduc-
4tance, dI/dV (r, E) ≡ g(r, E), where I is the tunneling
current and V is the bias applied to the sample with
respect to the tip. We observe 3 pronounced spectral
features: a peak at approximately −150 meV, a peak
close to EF , and a shoulder at ∼ 40 meV. Previous STM
studies have identified these peaks as Sm 4f states based
on ARPES and dynamical mean field theory (DMFT)
calculations [11, 31]. Below the Fermi energy both peaks
of the 1×1 surface are clearly downward shifted by ∼ 20
meV with respect to the 2 × 1 surface, just as expected
from the DFT calculations. Interestingly, the shoulders
on the unoccupied side of the DOS remain at roughly at
the same energies.
Spectral function simulation
The upper plots in Fig. 5(b) show the simulated spec-
tral function of the low energy electronic structure for
the 2 × 1 and 1 × 1 surface terminations. In both cases
the spectral function includes bulk features, namely two
weakly dispersing f bands and one strongly dispersing d
band, along with the Dirac cone of the topological surface
state. The spectral function describes a Fermi liquid-like
quasiparticle decay rate ∼ ω2 [32]. The energies of the
f - and d-bands are taken from the STM spectra shown
in Fig. 5(a). It can be seen that the occupied electronic
bands of the 1×1 reconstructed surface are shifted lower
by 20 meV compared to the 2×1 surface, while the unoc-
cupied states are not shifted. The lower plots in Fig. 5(b)
show the average of the spectral function of both sur-
faces convoluted with a Gaussian-like function to simu-
late realistic detector resolution and temperature broad-
ening. The left plot simulates a cut along M−X−M
with T = 12 K, ∆E = 10 meV ∆k = 0.04A˚
−1
, while
the right plot is a cut along X− Γ−X with T = 1 K,
∆E = 4 meV ∆k = 0.01A˚
−1
. These parameters are cho-
sen to match the conditions in ARPES experiments re-
ported in [19] and [22], which are reproduced in Fig. 5(c).
The main features of these ARPES spectra, including the
high velocity of the in-gap states and the approximate
gap size of 20 meV, are well captured by our simulation.
DISCUSSION
Our STM spectroscopy measurements on the 1×1 sur-
face show a clear downward shift in the differential con-
ductance peaks at negative bias compared to the peaks
measured on the 2 × 1 surface. Such a band-bending
scenario is a well understood phenomenon in semicon-
ductors [33], and can be readily understood by appealing
to the different amounts of charge transfer predicted by
our DFT calculations as shown in Fig. 4.
It has been argued that the polar surfaces in SmB6 re-
sult in topologically trivial surface states [34, 35]. How-
ever, here we provide a different scenario: We observe
only a shift of the occupied states between the two sur-
faces and constant features on the unoccupied side, sim-
ilar to recent STM result on SmB6 surfaces with dis-
ordered B-clusters which has been interpreted as an in-
crease of the Kondo hybridization gap [11].
To discuss the implications of excess charge on the
topologically non-trivial surface it is useful to summa-
rize our results for the 2×1 surface. On the 2×1 surface
topologically non-trivial surface states with heavy Dirac
fermions and a Dirac point at −5± 1 meV has been ob-
served [20]. On the 1×1 surface, due to additional charge,
this Dirac point is pushed to lower energies. In our sim-
ulation we assumed that the quasiparticle mass at the
Dirac point is not changed.
Several different STM studies have all found that
single-termination domain sizes are on the order of 10 nm
[7–11]. On the other hand, a typical photon beam spot
size in an ARPES experiment is roughly 50 µm× 50 µm.
This implies that ARPES measurements, while poten-
tially favoring certain terminations [21, 22], will still be
sensitive to multiple domain types. The averaged spec-
tral function presented in Fig. 5(e) and (f) has been sim-
ulated assuming the surface consists of 70% 1 × 1 do-
mains and 30% 2 × 1 domains. The resulting intensity
plot shows remarkable similarities to reported ARPES
measurements with similarly large velocities for the av-
eraged topological surface states. In addition, note that
the Dirac point cannot be resolved in the simulation.
CONCLUSION
In summary, our STM spectra show downward band
bending on the Sm terminated 1×1 reconstructed surface
due to excess charge accumulation as compared to the
2×1 Sm surface, in agreement with our DFT calculations.
To study the effect of these different domains we simu-
lated the full spectral function as an average over mul-
tiple domains with surfaces potentials and band-bending
based on STM measurements. Our simulations show a
low energy electronic structure with large band velocities
and no resolvable Dirac cone. This provides a likely ex-
planation for the discrepancy between ARPES measure-
ments, which sample multiple domains, and STM mea-
surements taken within a single domain.
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